Insuf®cient soil moisture during summer months is now the major cause of sugar beet yield losses in the UK. However, selection for increased drought tolerance has not been a breeding priority until recently. Genetic variation for drought tolerance is an essential prerequisite for the development of more stress-tolerant varieties, but commercial sugar beet varieties seem to have similar yield responses to drought. The objective of this study was to assess the degree of genotypic variation for drought tolerance within a wide range of sugar beet germplasm and genebank accessions within Beta. Thirty sugar beet genotypes were screened under ®eld drought conditions, and putative drought tolerant and sensitive lines (in terms of yield reduction in polythene-covered vs. irrigated plots) were identi®ed. Signi®cant genotype Q water treatment interactions were found for dry matter yield and relative leaf expansion rate. Genotypic differences for drought susceptibility index were also signi®cant. Differential sensitivity of seedling shoot growth to water de®cit was examined by comparing 350 genebank accessions in a simple growth chamber screen. Methods of data management were devised to highlight lines for entry into subsequent ®eld tests. The results of the ®eld and seedling screens indicate that there is variation for tolerance to water de®cits within sugar beet and related types, and that there are lines that show greater drought tolerance than selected commercial varieties. Divergent lines showing contrasting behaviour should aid in the identi®cation of key morpho-physiological traits that confer drought tolerance.
INTRODUCTION
Drought is a major limitation to crop productivity worldwide (Boyer, 1982) . For most major food crops, improvement in drought tolerance is an important breeding objective, and signi®cant advances have been made over the past 10±20 years (Boyer, 1996) . Only recently, however, has the impact of drought been recognized as a major cause of yield losses in sugar beet (Jaggard et al., 1998; Pidgeon et al., 2001) . In dry regions, such as California or southern Europe, the crop is grown under irrigation. However, in other beet production areas where irrigation is not normally applied, such as the UK and parts of Germany, summer rainfall amounts are unpredictable and are usually insuf®-cient to meet the crop's water requirements. In the east of England, for example, average precipitation receipts for June to September are 150 mm, whereas evapotranspiration accounts for nearly 350 mm during the same period (Jaggard et al., 1998) . Furthermore, many of the soils in this region are sandy with low water holding capacity. Averaged nationally for the UK, annual drought-induced yield losses were estimated to be 10 % of potential production, and rose to 30 % in drier years (Jaggard et al., 1998) . Only a small fraction of the beet crop is irrigated in the UK and there is little opportunity for new water abstraction licences. Therefore, the best avenue for improvement of beet production in drought-prone areas is the development of varieties with increased drought tolerance.
Two essential building blocks of any crop improvement programme are genetic variation and sources of germplasm containing enhanced expression of desired traits. Studies on the yield performance of sugar beet varieties under dry conditions, on soils of low water holding capacity or in response to irrigation have not found any signi®cant genotypic differences (van der Beek et al., 1993; Fisher and Kerr, 1998; Kerr, 2000) . This may re¯ect the narrow genetic base of commercial varieties (Bosemark, 1979; McGrath et al., 1999) . In this case, introgression of germplasm from wild populations would be the only way to increase the genetic variation for characters that could contribute to drought tolerance in sugar beet. However, introgression of exotic material into breeding lines requires additional time and expense to sort out`weedy' characters while preserving desired agronomic traits (Lewellen, 1992) . Therefore, the objective of this study was to assess the degree of genotypic variation for drought tolerance within a wide range of sugar beet germplasm and related Beta types. Results from these initial experiments are important in determining the direction of research and in designing strategies for breeding programmes.
Two approaches were used. First, yield and growth responses of a wide range of sugar beet genotypes were compared under drought conditions in the ®eld. Secondly, a large number of Beta genebank accessions were tested in a growth chamber screen for differential sensitivity of seedling shoot growth to water de®cits. Field trials of genotypes are time-consuming and expensive. Furthermore, space is limited, so only a restricted number of genotypes can be tested in 1 year. Deciding which genotypes to include in ®eld trials is an important decision, and each entry should ful®l the purposes of the test. There are at least 10 000 accessions of Beta types available from genebanks such as the BAZ genebank in Braunschweig, Germany. However, there is little information on individual phenotypes, and no indication of the degree of potential drought tolerance. Hence, one of the objectives of an EU-sponsored project was to screen some of these accessions in a simple growth chamber test for drought tolerance. The same accessions were also screened in other tests for disease resistance (Luterbacher et al., 2000) . The aim of the drought-tolerance screen was to highlight accessions worthy of further investigation for promising traits or as possible entries in ®eld trials.
MA TE R IA L S A N D ME T H O D S

Field screening
Thirty-two sugar beet genotypes (Table 1) were planted in the ®eld in a factorial, randomized complete block design. Two genotypes showed poor establishment and were eliminated from further analysis. Seeds were drilled in 1´5 m Q 3 m plots on 12 May 1999 on loamy sand near Bury St Edmunds, Suffolk, UK. Plots were replicated four times with two treatments, either full irrigation or no irrigation. Irrigation was applied by drip tape placed between plant rows spaced 50 cm apart. The tape was buried 2±8 cm below the surface of the soil. Plots were irrigated with approx. 18 mm water per week, split into two applications. The irrigation regime commenced on 9 July and ended 1 d before harvest (6 Oct. 1999 ). The entire experiment was covered using semi-permanent polythene tunnels (Haygrove Tunnels Ltd, Redbank, UK) on 15 Jun. 1999. The tunnels were approx. 138 m long, 7´3 m wide and 3´9 m high at the highest point. The tunnels were open at the ends and at the sides where the polythene reached to within 1´5 m of the ground. Four such tunnels adjacent and connected to each other covered the experimental area. Rainfall runoff from the polythene was carried away from the area by drainage furrows extending the length of the tunnels and within a 2 m wide gap between the plots in adjacent tunnels.
The effect of the tunnels on crop microclimate was signi®cant, but did not create combinations of weather factors that are unlikely to occur in practice. The polythene was 100 mm thick, which transmitted over 90 % of the incident PAR when new, decreasing to approx. 80 % transmission by the end of the experiment. Windrun was also decreased by 50±60 % under the tunnels, thus during the period that the crop was covered by polythene estimated cumulative evapotranspiration was 260 mm; this was 24 % less than that of the crop outside the tunnels. The amount of soil water available to the crop at this site was approx. 167 mm, derived from soil survey data and assuming a functional rooting depth of 120 mm (Hodge et al., 1984) .
Standard cultural practices for the beet crop were followed. Brie¯y, the ®eld was fertilized before cultivation with 600 kg ha ±1 kainit (K : Na : Mg, 12 : 18 : 3), 200 kg ha ±1 0 : 24 : 24 (N : P : K) and 100 kg ha ±1 N (as NH 4 NO 3 ). Preand post-emergence herbicides were applied, followed by hand hoeing where necessary to control weeds. Plots were sprayed with¯usilazole/carbendazim fungicide to control powdery mildew on 8 August.
Relative leaf expansion rate (RLER) was measured between 2 and 9 September when older leaves of droughted plants were visibly wilted. RLER was calculated by measuring the length and width of the fourth newly formed lamina. This leaf was marked and measured again 7 d later. Preliminary experiments showed that by applying a correction factor these dimensions accurately estimated the actual leaf area measured with a leaf area meter (DeltaT, Cambridge, UK). The correction factor did not change signi®cantly with leaf age or variety. Another preliminary study showed that the relative expansion rate of the fourth leaf remained constant for approx. 21 d, after which the rate decreased. Therefore, small differences between plants in the age or shape of the selected leaf did not signi®cantly bias comparisons based on the calculation of RLER. RLER was calculated according to the equation:
where A is estimated leaf area and t is time. Since all genotypes were measured on the same days, chronological rather than thermal time was deemed acceptable in this case.
A central area of 1´5 Q 2 m within each plot was harvested by hand on 13 October. Roots were washed and weighed, then subsampled for measurement of tissue water content and dry weight. Plant tops (including the crown, petiole and laminae) were weighed in the ®eld using an electronic load cell, then subsampled for determination of tissue water content and dry weight. Drought tolerance was de®ned using the susceptibility index (SI; Fischer and Maurer, 1978) , which is the relative yield loss divided by the mean yield loss of all tested genotypes in the experiment. The degree of yield loss due to water de®cit compared with irrigated controls is:
where YL is the relative yield loss, Y d is the yield under drought and Y i is the irrigated yield. Then,
where X d is the mean yield under drought conditions of all tested genotypes, and X i is the mean irrigated yield of all genotypes.
Growth chamber screen
Accessions to be tested in the growth chamber screen were chosen from a`core' collection in the BAZ Beta genebank (Braunschweig, Germany) . The aim was to select accessions that represented diverse genetic backgrounds and geographical locations. Approx. 50 seeds from each accession were steeped in thiram fungicide for 24 h prior to sowing in potting compost [Levington F2S containing N : P : K (5 : 8 : 3) and microelements]. Once seedlings emerged (approx. 1 week after sowing), they were transplanted into 130 ml pots containing the same medium and allowed to grow for a further 3 weeks. A subset of ten seedlings was harvested to assess the shoot dry matter at the start of the experiment. The remaining plants were randomly assigned to either drought or irrigated treatments and transferred to a growth chamber (16 h light period, 23/18°C day/night temperatures). The irrigated plants were watered to pot capacity once each day, and the drought regime consisted of a similar irrigation only once every 3±4 d. Preliminary tests showed that by 13 d after transplanting, pre-dawn leaf water potentials in the waterlimited treatment decreased to ±1´5 MPa prior to irrigation, while irrigated leaf water potentials remained near ±0´5 MPa (Mylonopoulos, 2000) . After 4 weeks in the growth chamber, plants were harvested. From each genotype, ten plants were harvested in the controls and 15 plants in the stressed treatment. Shoots were excised at the soil surface, oven-dried at 80°C for 48 h, then weighed.
Approx. 18 genotypes were tested in each batch, which always included a benchmark sugar beet variety (`Saxon').
Dry weights were transformed and relative growth rate (RGR) was calculated in a similar way to RLER. Drought tolerance of individual lines was expressed in terms of SI (as above, based on RGR instead of yield), or relative to the growth reduction of Saxon within each test batch according to the formula:
where YL x is the drought loss of a test genotype (RGR basis), and YL Saxon is the drought loss of Saxon. Test batches that showed no signi®cant difference (P < 0´05) in RGR of Saxon between irrigated and droughted treatments were discarded. In a few cases this was necessary because the stressed plants were over-watered or the controls were under-watered. 
R E SU L T S
Field screen
Under irrigated conditions, total dry matter yields varied substantially among the 30 sugar beet genotypes tested in the ®eld ( Fig. 1 ; Table 2 ). This was not surprising since the collection included improved varieties selected for the UK environment, while others were older varieties, landrace or open pollinated varieties adapted to quite different local conditions (e.g. line 5385 from Afghanistan, collected originally in 1954). Similarly, yields under droughted conditions were also signi®cantly different among genotypes (P < 0´001). The drought treatment was effective in decreasing yields substantially (Table 2) , but all lines managed to continue growing throughout the season using only stored soil moisture. Importantly, there was a signi®cant genotype Q water treatment interaction for dry matter yield, indicating that the genotypes responded to drought differentially (Table 2) . Similar results were obtained with related yield variables (root fresh weight and sugar yield). Values for droughtinduced yield losses, calculated as SI, also varied by more than three-fold (P < 0´05; Fig. 2 ). It is interesting to note that the SI values of the three commercial varieties (Roberta, Nicola and Oberon) were clustered together, which corroborates other comparisons limited to UK varieties (Fisher and Kerr, 1998) .
If there is genetic variation for drought tolerance, which is a complex trait, then it follows that there is also variation in the component morpho-physiological traits that confer tolerance. One of the plant processes most sensitive to drought is leaf expansion (Hsiao, 1973) . Thus, it seemed relevant to examine variation for sensitivity of leaf expansion rates to drought. There was extensive variation between genotypes for RLER under irrigated conditions, but differences were not statistically different due to the variation in growth rates between individual leaves within a genotype (Fig. 3) . More replications are required to minimize this source of error. However, the interaction between genotypes and the water treatment was highly signi®cant (P < 0´01). Line KWS3 showed intermediate RLER under irrigated conditions, but was little affected by drought; line NOV8, which had high irrigated RLER, was severely inhibited by drought. Regression analysis of irrigated RLER vs. the TAB L E 2. Analysis of variance for the effects of water treatment and genotype on total dry matter yield (t ha ±1 ), root yield (fresh root biomass, t ha ±1 ), sugar yield (t ha ±1 ) and relative leaf expansion rate (RLER, d ±1 )
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Drought susceptibility index (SI) computed from droughted and irrigated total dry matter yields (see text).
percentage loss in RLER due to drought showed that genotypes showing high irrigated RLER had the greatest drought-induced decreases in RLER (r 2 = 0´64, P < 0´01).
Perhaps not surprisingly, differences in RLER between irrigated and droughted plots measured on one occasion late in the season did not correlate with SI. However, RLER of droughted plants was associated with the percentage of green crop cover on droughted plots measured 20 d later (r = 0´44, P < 0´05, 28 d.f.).
Growth chamber screen
The results of screening 350 Beta genebank accessions are shown in Fig. 4 . These accessions comprised a wide range of Beta types: sugar beet, leaf beet, fodder beet, garden beet and various populations of the subspecies maritima, all within the species vulgaris; 10 % of the entries were related species, such as adanensis and macrocarpa. Differences due to plant size and growth habit were F I G . 2. Drought susceptibility index (SI) based on total dry matter yield losses. Genotypes were grown in the ®eld with or without irrigation. Bar indicates LSD for genotype effect (signi®cant at P < 0´05). Horizontal line at SI = 1 indicates the mean response: genotypes with SI less than 1 were more drought tolerant than average. F I G . 3. Relative leaf expansion rates of the fourth newly formed lamina on genotypes grown in the ®eld with or without irrigation. Bar indicates the LSD for genotype Q water treatment interaction (signi®cant at P < 0´01).
minimized by using RGR instead of absolute growth rates. In addition, to make fair comparisons between genotypes and to combine data from batches tested at different times, the RGR data were normalized by computing the drought susceptibility index (SI). SI compares the drought performance of each line according to its growth potential under well-watered conditions, and is adjusted for the severity of the stress imposed within a particular test batch. In this way drought tolerance per se was compared with few confounding in¯uences. There was a general trend for rapidly growing plants to show more relative growth inhibition, in part because large plants consumed more of the water in the limited pot volume. Separating the entries by growth rate under wellwatered conditions minimizes the chances of identifying one entry as a`drought-tolerant' genotype only because it has a low growth rate under all conditions. An ideal entry would be one that has a high well-watered growth rate in combination with a low SI. A high growth rate avoids the problem noted above, and would be a desirable character. Entries of this sort were highlighted by applying a two-way screen, by plotting SI vs. control growth rate (Fig. 4A) . Only a few entries satis®ed both demands of having a faster than average growth rate and an SI value less than 1 (Fig. 4A,  box) .
The in¯uence of batch-to-batch variation was minimized by expressing the reduction in RGR relative to that of Saxon within each batch (Fig. 4B) . Test batches differed slightly, in part because plants were grown in the glasshouse before transfer to the growth chamber and therefore seasonal effects on early seedling growth may have altered the responses between batches. In the SI calculation, the reduction in RGR is adjusted, based on the drought intensity index of the entire batch (see Materials and Methods), whereas in Fig. 4B the reduction in RGR is adjusted to the performance of Saxon. As shown in Fig. 4A , the response of Saxon was reasonably consistent, but the drought intensity index can be swayed by a few extreme entries within a batch. This does not happen in the assessment illustrated in Fig. 4B , and it is perhaps the more robust method of the two. A small number of the entries were sugar beet types (Fig.  4B, triangles) . These also showed a wide range of responses and were not clustered near to the result for Saxon, which earlier ®eld studies (Amaducci et al., 1976; van der Beek et al., 1993; Fisher and Kerr, 1998) would have predicted.
Although the basis of SI and the reduction in RGR relative to Saxon differs slightly, eight entries appeared within the`elite' box in both methods. Four were maritima accessions, and the other entries were a fodder beet, sugar beet, an unclassi®ed vulgaris type and one Beta adanensis accession. Inclusion in the`elite' box means that these accessions grew faster than the mean rate for Saxon under well-watered conditions, but shoot growth was less inhibited under water de®cit than the mean response of all the genotypes, and also less inhibited than that of Saxon. Current work involves re-testing these selected accessions; those that repeatedly fall within the`elite' box merit consideration for testing in ®eld trials.
D I SC U S S IO N
Genetic variation is an essential prerequisite for any crop improvement programme. In sugar beet, it did not appear that suf®cient genetic variation existed for drought tolerance, and that improvement would be obtained`neither easily or quickly' (van der Beek, 1993). As with most crops, selection for agronomic characters over time tends to narrow the genetic base (McGrath et al., 1999) and studies that compared commercial varieties seemed to con®rm this by ®nding no signi®cant genotypic differences for drought tolerance (e.g. Amaducci et al., 1976) . However, these studies examined only limited numbers of locally adapted varieties that may have had related genetic backgrounds. There is now evidence that there is as much genetic variation within a wide range of sugar beet germplasm as there is within pools of wild subspecies and related Beta species (Hjerdin et al., 1994; Desplanque et al., 1999; McGrath et al., 1999) . This genetic variation is re¯ected in the genotypic differences in drought tolerance we obtained from ®eld and growth chamber comparisons. Further work is needed to rigorously test the genetic basis of these genotypic differences. For instance, estimates of heritability and combining ability within a de®ned population could be used to quantify the degree of genetic variability for some of the measured traits. An ideal variety combines high yield potential with yield stability. Drought tolerance will contribute to better yield stability since water supply is the largest variable affecting yields (Jaggard et al., 1998; Pidgeon et al., 2001) . Genotypes that show consistent and contrasting drought responses are useful tools to determine the morpho-physiological traits that confer drought tolerance. For instance, the three-fold difference in SI make lines 2123 and 3360 (Fig.  2) potentially useful materials for experiments comparing mechanisms of drought tolerance.
From a production point of view, absolute yield is also vitally important. Therefore, any improvement in drought tolerance must not be detrimental to yield potential (the yield obtained under optimum, irrigated conditions), or at least any decrease in yield potential must be offset by an increase in yield stability. There was a positive association between droughted and irrigated yields (r = 0´69, P < 0´01, 28 d.f.), and certain lines (e.g. NOV6) showed high yield potential under both conditions. Thus, conventional selection for high yield potential may be used to realise yield gains under drought, but caution is needed as there were exceptions: NOV7 and 7912 had high irrigated yields but were not in the upper quartile for yields under drought. Furthermore, the data indicate that selecting for high yield potential does not guarantee drought tolerance per se.
Among the 30 beet genotypes tested there was no relationship between growth potential and sensitivity to drought determined by dry matter yield loss (r 2 = 0´06). The three commercial hybrids that were tested (Roberta, Nicola and Oberon) had large irrigated yields but were not the most drought-tolerant lines; nor were the poorest yielding lines the most drought sensitive (Fig. 2) . NOV6 had high yields, but was also one of the most drought-sensitive lines. A comparison of wheat landraces and cultivars also showed no association between SI and yield potential (Ehdaie et al., 1988) . In sugar beet, the lack of association between SI and yield potential indicates that yield potential and SI are not mutually exclusive, and drought tolerance does not necessarily entail a reduction in yield. An encouraging example was KWS2, which had the highest droughted yield and one of the lowest SI values.
The challenge is to identify speci®c traits conferring drought tolerance that can be incorporated into lines of high yield potential. Unlike maize and wheat, in which improvements can be realised by directly selecting for yield in dry environments, selection gains in sugar beet will probably depend on the linkage of molecular markers with QTLs controlling these traits and then`pyramiding' the most useful markers into one or more breeding lines while performing selections in a conventional breeding environment.
One physiological trait that could be important is RLER, since ®nal yield in sugar beet is directly related to the interception of solar radiation, determined largely by the rate of development of the crop canopy and maintenance of functional leaf area (Scott and Jaggard, 1993) . Evidence for genotypic variation in drought tolerance was reinforced by measurements of RLER that showed signi®cant genotype Q water treatment interaction. Unfortunately, the lack of correlation with SI within this data set questions the ef®cacy of RLER as an indirect selection tool. However, before RLER is ruled out altogether, more tests under different levels of stress and at different stages of crop development are needed.
The objective of the seedling screen was to test a large number of genotypes and, because of time and space limitations, each line was tested only once. However, a benchmark sugar beet genotype (Saxon) was included in each test batch. The variation in SI and growth rate of controls for Saxon, shown in Fig. 4A , indicates the consistency of the response between test batches. Assuming that the variation in response of Saxon is typical of most entries, the wide range of growth rates and SI values in Fig. 4A is not solely a re¯ection of random error or environmental variation but is probably due mostly to genetic variation for drought responses.
Accessions falling within the`elite' box in successive growth chamber tests would suggest that these plants have mechanisms that protect and permit shoot growth under water-limited conditions. These repeated tests are currently being conducted, along with comparisons of ®eld-tested genotypes in the growth chamber screen. The growth chamber screen was not designed to provide any information about root growth or biomass partitioning between roots and shoots, which are important in the ®eld. The con®ned root environment of these pot experiments would not re¯ect accurately the phenotype of root growth under ®eld conditions. Nevertheless, if genes can be identi®ed that control the expression of traits that enhance the performance of lines in this test environment, then it might be possible to incorporate these traits into other genetic backgrounds for crop improvement.
The objective of current work is to use genotypes that show divergent responses to drought to explore in greater detail characters that in¯uence drought performance. Field tests have been repeated to assess the consistency of the ranking of tolerant and susceptible lines by selecting out of the 30 genotypes tested in this study eight genotypes representing extreme responses. Results will be described in a future paper. 
